and signal information by synaptically induced modulations in firing both above and potentiation, were induced by decreases in intracellular calcium and expressed as reductions in the sensibelow these baseline rates. In a system characterized by high levels of resting activity and correspondingly high tivity to the BK-type calcium-activated potassium channel blocker iberiotoxin. Firing rate potentiation is levels of intracellular calcium and other signaling factors, inhibition might be a more potent signal for triga novel form of cellular plasticity that could contribute to motor learning in the vestibulo-ocular reflex. Figure 1A, lower inset) , reducing firing
rates by an average of 40% Ϯ 10% (n ϭ 9). Following showed an immediate, step-like increase in spontaneous firing, decaying slightly over the first minute or two the termination of each stimulus train, some neurons displayed a brief postinhibitory rebound in firing rate that to a plateau, while others increased gradually over the first few minutes. The potentiation of spontaneous firing decayed to spontaneous firing levels within hundreds of ms (Sekirnjak and du Lac, 2002) . Five minutes of inhibirate did not depend on intracellular factors dialyzed during whole-cell recording: firing rate increases were tory synaptic stimulation evoked long-lasting increases in spontaneous firing rates. The neuron shown in Figure similar in whole-cell (n ϭ 6) and extracellular (n ϭ 3) recordings. Increases in spontaneous firing rate per-1A fired spontaneously at approximately 12 spikes/s prior to stimulation and increased its firing rate to 19 to sisted throughout the recordings, which lasted 30 min to 2.5 hr following inhibitory stimulation. 20 spikes/s following stimulation. Figure 1B summarizes the changes in spontaneous firing rates across all neuIn addition to increasing spontaneous firing rates, synaptic inhibition potentiated intrinsic firing responses to rons tested. Average firing rates measured 25-30 min after stimulation were significantly higher than those intracellularly injected current. In MVN neurons, intracellular depolarization evokes increases in firing rates that preceding stimulation (n ϭ 9; p ϭ 0.018). In contrast, neurons recorded for 30 min without intervening synapscale linearly with input current amplitude ( Figure 1C ; du Lac and Lisberger, 1995) . In the neuron shown in Figure  tic stimulation showed little change in firing rate (summarized in Figure 1B ; n ϭ 8; p ϭ 0.33). The onset of 1C, the gain of the firing response (slope of the relationship between input current and the mean firing rate inhibition-induced firing rate increases varied, as evidenced by the error bars in Figure 1B . Some neurons evoked during 1 s of depolarization) was 175 (spikes/s)/ nA prior to inhibitory synaptic stimulation. Following In the presence of synaptic blockers (kynurenic acid and picrotoxin), current was applied for 1 s every other stimulation, the neuron's firing response gain increased by 16%, to 203 (spikes/s)/nA. Increases in firing resecond to hyperpolarize the membrane potential by about 30 mV. As with inhibitory synaptic stimulation, sponse gains averaged 26% Ϯ 5% in stimulated neurons ( Figure 1D ; n ϭ 14; p ϭ 0.001). In contrast, gains in some neurons responded after each 1 s period of hyperpolarization with a transient increase in firing, which unstimulated neurons changed by an average of less than 1% over 30-60 min of recording ( Figure 1D ; n ϭ 10; decayed to spontaneous levels within a few hundred ms. Five minutes of periodic hyperpolarization evoked p ϭ 0.36). These results indicate that synaptic inhibition triggers increases in excitability that are expressed both long-lasting increases in spontaneous firing rate (summarized to 30 min in Figure 2A ; n ϭ 17; p Ͻ 0.001) and at the spontaneous firing level and throughout the firing range. We term these changes in excitability "firing rate firing response gain ( Figure 2B ; n ϭ 56; p Ͻ 0.0001) comparable to those elicited by synaptic stimulation or potentiation" (FRP).
FRP was accompanied by other changes in intrinsic GABA puffs. Within this population, 12 of 17 neurons increased their spontaneous firing rates by more than properties. Synaptic inhibition evoked a reduction in the afterhyperpolarization (AHP; example shown in Figure  15% , with firing rate increases ranging up to 136%. Increases in firing response gains ranged up to 148%, 1E). AHP amplitude decreased by 2.5 Ϯ 0.7 mV (n ϭ 13; p ϭ 0.006), whereas AHP amplitude did not change in with 48 of 56 neurons increasing gain by more than 10%.
In this large sample of neurons subjected to periodic control neurons (0.6 Ϯ 0.5 mV; n ϭ 8; p ϭ 0.46). In contrast, synaptic inhibition had no effect on action pohyperpolarization, no significant correlations were found between initial firing rate, input resistance, cell size, or tential threshold, width, and rise time (p ϭ 0.35, 0.41, and 0.65, respectively). Given that calcium-activated pospike width and the amplitude of evoked increases in firing rate (R 2 ϭ 0.02) or gain (R 2 ϭ 0.03). As was the case tassium currents produce the AHP in MVN neurons , these results suggest that FRP is for synaptic inhibition and extracellular-applied GABA, hyperpolarization-evoked increases in firing rates were mediated by a reduction in potassium currents. Accordingly, input resistance measured below spike threshold maintained for the duration of each recording (up to 2.5 hr): in a sample of nine neurons recorded for more than increased following synaptic inhibition; in a representative neuron shown in Figure 1F , input resistance inan hour, the mean firing rate 60 min after stimulation (55% Ϯ 11% increase) was not significantly different creased from 170 to 215 M⍀. On average, synaptic inhibition evoked an increase in input resistance of 31% Ϯ than it was 30 min after stimulation (45% Ϯ 13% increase; p ϭ 0.11). These results indicate that inhibition 5% (n ϭ 12; p ϭ 0.002), whereas input resistance did not change in unstimulated neurons (5% Ϯ 4%; n ϭ 11).
triggers rapid and long-lasting increases in excitability via mechanisms intrinsic to the MVN neuron, rather than How does activation of inhibitory synapses produce increases in excitability? GABA and glycine are the preby changes in the strength of its connections with other neurons. dominant inhibitory neurotransmitters in the vestibular nuclei (reviewed in Smith and Darlington, 1996) . The role Hyperpolarization and synaptic inhibition evoked similar changes in intrinsic properties and action potential of GABA A receptors in synaptically evoked FRP was assessed with the GABA A antagonist picrotoxin. Picroparameters. Following hyperpolarization, AHP amplitude was reduced by 2.6 Ϯ 0.6 mV (n ϭ 22) and input resistoxin blocked synaptically mediated IPSPs and reductions in firing rate in each of seven MVN neurons tested. tance increased by 29% Ϯ 8% (n ϭ 56). Reductions in AHP amplitude correlated significantly with increases in Five minutes of tetanic stimulation in the presence of picrotoxin had no effect on either spontaneous firing gain (R 2 ϭ 0.45, p ϭ 0.001) and tended to correlate with increases in firing rate (R 2 ϭ 0.25, p ϭ 0.06). These rate or gain (n ϭ 7; p ϭ 0.25 and 0.37, respectively), suggesting that FRP induced by inhibitory synaptic stimresults are consistent with the hypothesis that inhibitory synaptic stimulation and membrane hyperpolarization ulation is mediated by GABA A receptors, rather than GABA B or glycine receptors. To determine whether FRP increase neuronal excitability via the same cellular mechanisms. requires presynaptic transmitter release, extracellularly applied GABA was substituted for synaptic stimulation. GABA was pressure ejected from a glass pipette for a Stimulus Requirements for FRP period calibrated to silence the recorded neuron for Postinhibitory rebound firing evoked by synaptic stimuapproximately 1 s; these puffs were repeated every 2 s lation triggers Ca 2ϩ influx in deep cerebellar nucleus for 5 min. GABA puffs evoked long-lasting increases in neurons, leading to changes in synaptic strength (Aizenspontaneous firing rates that averaged 69% Ϯ 15% (n ϭ man et al., 1998). Is Ca 2ϩ influx during rebound firing 7; p ϭ 0.02). Firing response gains increased by an responsible for inducing FRP? In the population of MVN average of 28% Ϯ 7% (n ϭ 5; p ϭ 0.04). Substitution of neurons described above, rebound firing averaged 3.1 Ϯ glycine for GABA evoked similar increases in spontane-0.5 spikes/s above baseline firing rates (range: Ϫ1 ous firing (79% Ϯ 23%; n ϭ 5; p ϭ 0.04) and gain (27% Ϯ to ϩ11 spikes/s). This relatively modest rebound firing 7%; n ϭ 8; p ϭ 0.01). These results indicate that postsyndid not correlate significantly with increases in either aptic factors mediate the induction of FRP. spontaneous rate or gain (R 2 ϭ 0.05 and 0.01, respectively). To restrict rebound firing, continuous (DC) hyperpolarization was substituted for periodic stimulation.
Direct Hyperpolarization Leads to Increases in Spontaneous Firing Rate and Gain
Following the offset of hyperpolarizing current injection that silenced neurons for 5 min, spontaneous firing rates To investigate whether the membrane hyperpolarization produced by inhibition triggers FRP, neurons were hyincreased by 81% Ϯ 30% (n ϭ 11; p ϭ 0.003) and firing response gain increased by 16% Ϯ 4% ( Figure 2B ; n ϭ perpolarized directly with intracellular current injection. 35% Ϯ 12%; n ϭ 6; p Ͻ 0.05), subsequent hyperpolarization did not trigger significant further increases (mean Hyperpolarizing stimuli that lowered the membrane potential to just below threshold for action potentials increase, 3% Ϯ 3%; n ϭ 6; p ϭ 0.76). Firing response gain was also potentiated maximally within 5 min of (reducing membrane potential by about 5 mV) were equally effective at inducing FRP as those that reduced hyperpolarization (summarized in Figure 2D ); following the first stimulus trial, gains increased significantly (by the membrane potential by 30 mV; evoked firing rate increases averaged 52% Ϯ 16% (n ϭ 8; p ϭ 0.04), and 16% Ϯ 4%; n ϭ 6; p ϭ 0.03), whereas gain in the second trial was not significantly different from control (p ϭ 0.4). gain increases averaged 19% Ϯ 8% ( Figure 2B ; n ϭ 6; p ϭ 0.04). Merely reducing firing rates to half of spontaThese results indicate that 5 min of hyperpolarization saturates firing rate potentiation. neous levels was sufficient to trigger FRP. Firing rate increases evoked by hyperpolarizing stimuli that reTo determine whether a complementary, excitabilitydecreasing mechanism exists, depolarization was subduced firing every other second for 5 min by 38%-68% (mean, 53% Ϯ 2%) evoked long-lasting firing rate instituted for the hyperpolarizing stimuli used to induce FRP. Neurons were depolarized every other second for creases of 22% Ϯ 11% (n ϭ 9; p Ͻ 0.05) and gain increases of 12% Ϯ 4% (n ϭ 11; p ϭ 0.02). A comparison five minutes with intracellularly injected current that drove firing rates to an average of 60-250 spikes/s. Beof FRP evoked by synaptic inhibition, GABA, glycine, DC hyperpolarization to below action potential threshold, tween each 1 s stimulus, firing returned to the spontaneous rate. Depolarizing stimuli did not elicit long-term periodic hyperpolarization to below threshold, and hyperpolarizing stimuli that reduced firing rate by half rechanges in spontaneous firing or gain. Depolarization resulted in a 2 to 3 min decrement in spontaneous rates, vealed no significant differences in evoked changes in either firing rate or gain (Kruskal-Wallis, p ϭ 0.31 and which was followed by a return to baseline rates ( Figure  2A ); 25-30 min later, neither firing rate ( Figure 2A ; n ϭ 0.39, respectively).
To examine the stimulus duration required to evoke 5; p ϭ 0.69) nor gain ( Figure 2B ; n ϭ 7; p ϭ 0.93) were significantly different from control. Furthermore, FRP maximal increases in excitability, a subset of neurons were challenged with two 5 min trials of periodic hyperinduced by hyperpolarization could not be reversed by subsequent depolarization. Depolarizing stimuli applied polarization to 30 mV below spike threshold ( Figure 2C ). ]. Dialysis with BAPTA occluded the subsequent induc-( Figure 3A) . To simplify analysis of calcium signals and facilitate comparisons across neurons, FRP was evoked tion of FRP. In the presence of BAPTA, periodic hyperpo-larization did not evoke long-term changes in firing rate nels (Kohler et al., 1996) , reduced the AHP amplitude ( Figure 4A ) and evoked pronounced increases in sponta-(Ϫ7% Ϯ 11%; n ϭ 5; p ϭ 0.69), while interleaved controls neous firing rate and gain ( Figure 4B ). On average, firing responded with robust increases in spontaneous firing rates more than doubled in the presence of apamin (45% Ϯ 16%; n ϭ 7; p Ͻ 0.05, for comparison). Potentia-(120% Ϯ 35% increase; n ϭ 12), while gains increased tion of firing response gain was also occluded in BAPTAby 250% Ϯ 31% (n ϭ 19), and input resistance increased treated neurons (Ϫ0.4% Ϯ 1%; n ϭ 8; p ϭ 0.27) as by 54% Ϯ 17% (n ϭ 10). These increases in excitability compared to interleaved controls (gain increased by evoked by apamin suggested that reductions in SK cur-22% Ϯ 6%; n ϭ 10; p ϭ 0.005 Figure 4D ; n ϭ 12; p ϭ 0.002) were indistinto their baseline levels. As summarized in Figure 3C , guishable from those in interleaved controls (n ϭ 17; during perfusion with low Ca 2ϩ ACSF, firing rates inp ϭ 0.84), indicating that FRP was intact. Following creased (with a 3 min time lag dictated by the ACSF blockade of SK channels, hyperpolarization was able to turnover rate); these increases in spontaneous firing rate induce increases in spontaneous firing rate ( Figure Figure 3D ; n ϭ 12; p Ͻ by 37% Ϯ 26% (n ϭ 10). IBTX also increased spontane-0.01). To verify that reduced calcium influx triggers FRP, ous firing and gain ( Figures 6A and 6B ). In the examples the broad-spectrum calcium channel blocker cadmium shown, firing rate increased from 5 to 14.5 spikes/s, and chloride (100 M) was added to the ACSF for a 5 min gain increased from 363 to 643 (spikes/s)/nA. A summary period. Thirty minutes after washout of Cd 2ϩ , spontaneof IBTX-induced increases in firing rate and gain can be ous firing rates had increased by 50% Ϯ 8% (n ϭ 5; p ϭ found in Figures 6E and 6F , respectively. Downregula-0.04), and gains had increased by 27% Ϯ 7% (n ϭ 8; tion of BK conductances could account for the changes p ϭ 0.01; Figure 3D ). These experiments demonstrate in excitability that constitute FRP: blockade of BK chanthat a 5 min period of reduced Ca 2ϩ influx can substitute nels induced changes in intrinsic properties similar to for firing rate reductions to trigger FRP. The fact that those found in FRP. To test this hypothesis, hyperpolarfiring rates were elevated in the presence of Cd 2ϩ or izing steps were applied to neurons pretreated with satlow external [Ca 2ϩ ] and yet increases in excitability still urating concentrations of IBTX. As shown in Figure 5B , occurred provides additional evidence that decreases in following blockade of BK channels, hyperpolarization calcium influx, rather than membrane hyperpolarization did not elicit any further increase in spontaneous firing per se, trigger FRP. rate (n ϭ 5; p ϭ 0.69), while in interleaved controls spontaneous firing rate increased significantly (n ϭ 6; p ϭ BK-Type Calcium-Activated Potassium Currents 
, 2002). To test this potential
mately 3-fold increase in the spontaneous firing rate of mechanism, the two predominant classes of calciuman individual neuron. In contrast, IBTX had no effect on activated potassium channels, SK and BK, were manipthe spontaneous firing rate of a second neuron that ulated pharmacologically.
had undergone prior firing rate potentiation ( Figure 6B) . Similarly, IBTX nearly doubled gain in a control neuron Apamin (100 nM), a selective antagonist of SK chan- Figure 6E ; n ϭ 5) but had no significant effect on firing rates in neurons that had undergone prior BK-type calcium-activated potassium currents. Firing rate potentiation would increase the sensitivity of vestib-FRP (2% Ϯ 5% increase; n ϭ 5). IBTX also had a smaller effect on firing response gain in potentiated neurons ular nucleus neurons to head motion inputs in an activitydependent manner and thus provides a new candidate (14% Ϯ 6%; n ϭ 5) than in unstimulated neurons (52% Ϯ 11%; n ϭ 7). These differences between the effects mechanism for motor learning in the vestibulo-ocular reflex. of IBTX on spontaneous firing and gain in control and potentiated neurons were significant (p ϭ 0.01), consistent with the hypothesis that reductions in BK currents Plasticity in Intrinsic Excitability govern the expression of firing rate potentiation.
(Figure 6C) but had relatively little effect on gain in a inhibition. Brief periods of inhibition or direct membrane hyperpolarization evoked long-lasting increases in sponpotentiated neuron (Figure 6D). Population results confirmed that following FRP induction, less total BK current taneous firing rate and firing response gain in vestibular nucleus neurons. The results are consistent with a model is available for blockade. On average, IBTX evoked increases in spontaneous rates of 97% Ϯ 15% in unstimuin which firing rate potentiation is induced by decreases in intracellular calcium and expressed as a reduction in lated neurons (

Driven by Inhibition
The findings presented here add to a growing body of evidence that diverse cellular mechanisms contribute Discussion to experience-dependent changes in neural circuits. Although synaptic plasticity is widely assumed to mediate This study has identified a novel type of plasticity in intrinsic excitability that is rapidly induced by synaptic learning and memory, a number of recent studies show 
Data Analysis Experimental Procedures
Neurons were excluded if spontaneous firing rate was less than 2 spikes/s or input resistance dropped by more than 15% during Electrophysiology Coronal slices of the brainstem (300 m) were prepared from 14-the course of the experiment. Analyses of firing rate included only neurons in which baseline firing rate changed by less than 1.5% to 24-day-old C57/B6 mice (as detailed in Sekirnjak and du Lac, 2002), incubated in room temperature carbogenated artificial cereper min. For each neuron, spontaneous firing rates were collected continuously for 5 min prior to stimulation and for 15 min immediately brospinal fluid (ACSF) for at least 1 hr, then placed in a submersion chamber perfused with carbogenated ACSF at 31Њ-33ЊC. ACSF conafter stimulation. Following this period of continuous data collection, spontaneous firing rates were interrupted intermittently for measuretained 124 mM NaCl, 26 mM NaHCO 3 , 5 mM KCl, 1.3 mM MgCl 2 , 2.5 mM CaCl 2 , 1 mM NaH 2 PO 4 , and 11 mM dextrose. In most experiments of input resistance and firing response gain. In summary 
